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:LWK WKH DGYHQW RI QHZ VHQVLQJ DQG FRPPXQLFDWLRQ FDSDELOLWLHV YHKLFOHV DUH QRZ VHHQ DVPRYLQJ VHQVRUVZKLFK
VWLPXODWH D UHQHZDO RI WUDIILF PDQDJHPHQW VWUDWHJLHV IRU ERWK QHWZRUN VXUYHLOODQFH DQG FRQWURO ,QGHHG ODUJH
GHSOR\PHQWVRILQWHOOLJHQWWUDQVSRUWV\VWHPVDQGPRUHVSHFLILFDOO\FRRSHUDWLYHV\VWHPVZRXOGSURYLGHDG\QDPLFDQG
ORFDOEDVHGLQIRUPDWLRQQHWZRUNDVHTXLSSHGYHKLFOHVDUHDEOHWRGLVVHPLQDWHUHFHLYHDQGIRUZDUGLQIRUPDWLRQZLWK
WKH LQIUDVWUXFWXUH DQG RWKHUV YHKLFOHV WKDQNV WR WKH&; IUDPHZRUN7KLV DSSHDUV WR EH DSURPLVLQJ VWHS IRUZDUG
WRZDUGVPRUHHIILFLHQWVDIHDQGHQYLURQPHQWDOO\RULHQWHGWUDIILFPDQDJHPHQWVWUDWHJLHV
0HWKRGRORJLFDO FKDOOHQJHV DULVHZKHQ GHDOLQJZLWK WKHVH QHZ FRPPXQLFDWLRQ IHDWXUHV ,Q WKLV SDSHUZH UHSRUW D
UHVHDUFKHIIRUWGHDOLQJZLWKWKHLQWHJUDWLRQRIWKHVHQHZFDSDELOLWLHVLQWRWUDIILFPRGHOVWRGHVLJQFRRSHUDWLYHWUDIILF
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DSSURDFK ZKHUH YHKLFOHV FDQ FRPPXQLFDWH ZLWK HDFK RWKHU LQ D JLYHQ UDGLR LQWHUDFWLRQ UDQJH $ OLQHDU VWDELOLW\
DQDO\VLVLVSHUIRUPHGIRUDJLYHQFODVVRIFDUIROORZLQJPRGHOV7KLVVKRZVWKDWDGLVWULEXWHGFRRSHUDWLYHIUDPHZRUN
FDQLPSURYHWUDIILFIORZVWDELOLW\ZKLFKLVDNH\WRGHWHUPLQHZKHWKHUWUDIILFLVOLNHO\WRHQWHULQFRQJHVWLRQRUQRW
7KH LQWHUHVW RI D GLVWULEXWHG DSSURDFK LV KLJKOLJKWHG DQG GLVFXVVHG E\ FRPSDULVRQ ZLWK D FHQWUDOL]HG RQH ZKLFK
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&RRSHUDWLYH V\VWHPV DUH HPHUJLQJ WHFKQRORJLHV WKDW DOORZ FDUV WR FDSWXUH WKHLU VXUURXQGLQJ
HQYLURQPHQW UHFHLYH DQG VHQG LQIRUPDWLRQ DERXW LW 7KLV LQIRUPDWLRQ LV VKDUHG EHWZHHQ FDUV RU ZLWK
LQIUDVWUXFWXUHOHDGLQJWRDSSURSULDWHFKDQJHVLQGULYHUV¶EHKDYLRU(DFKOHYHORIFRRSHUDWLRQHQDEOHVWKH
GHSOR\PHQW RI EHWWHU PDQDJHPHQW VWUDWHJLHV IRU WUDIILF HIILFLHQF\ WUDIILF VDIHW\ DQG HFRGULYLQJ
+RZHYHU WKH\ DOVR LQWURGXFH QHZPHWKRGRORJLFDO LVVXHV VXFK DV WKH GLIILFXOW\ RI DFFXUDWHO\ VLPXODWH
FRRSHUDWLYHWUDIILFDQGDVVHVVWKHLULPSDFWRQWUDIILFRSHUDWLRQV$WWKHPRVWEDVLFOHYHO$GDSWLYH'ULYHU
$VVLVWDQFH 6\VWHPV $'$6 FRQVLVW RI LQYHKLFOH VHQVRUV WKDW DLP WR KHOS GULYHUV DGRSW D PRUH
FRPIRUWDEOHDQGVDIHGULYLQJ VW\OH$V WKHHIIHFWVRI$'$6KDYHDOUHDG\EHHQZLGHO\ LQYHVWLJDWHG >@
WKLVSDSHUZLOOIRFXVLQVWHDGRQWKH&;IUDPHZRUNFDUWRFDUFDUWRLQIUDVWUXFWXUHDQGLQIUDVWUXFWXUHWR
FDUFRPPXQLFDWLRQZKLFKSURYLGHVDZLGHUUDQJHRIDSSOLFDWLRQV
6XSSRUWHG E\ ERWK SROLWLFDO DQG PDQXIDFWXULQJ VWDNHKROGHUV WKH IOHHW RI FRRSHUDWLYH YHKLFOHV LV
H[SHFWHG WR JURZ VLJQLILFDQWO\ 9HKLFOHV DQG LQIUDVWUXFWXUH DUH HTXLSSHG ZLWK GHYLFHV WKDW SURYLGH
ZLUHOHVVFRPPXQLFDWLRQVHUYLFHVEDVHGRQ,(((SFRQYHQWLRQDO,(((DEJQVWDQGDUGVRU
RWKHU UDGLR WHFKQRORJLHV 8076 '65& DQG IRUP SDUW RI WKH &; IUDPHZRUN >@ ,W LV SRVVLEOH WR
LPDJLQH D FRRSHUDWLYH IUDPHZRUN EHWZHHQ ZLUHOHVV VHQVRUV QHWZRUNV :61 DQG 9HKLFXODU $G +RF
1HWZRUNV9$1(7VLQZKLFK2Q%RDUG8QLWV2%85RDG6LGH8QLWV568LQYHKLFOHDQGRQURDG
VHQVRUVZRXOGSOD\DQLPSRUWDQWUROH>@7KLVDSSURDFKZRXOGHQDEOHFRQWUROEDVHGRQWKHDYDLODEOHDQG
UHOHYDQWLQIRUPDWLRQDVZHOODVWKHGLVVHPLQDWLRQRIWKLVLQIRUPDWLRQ6XFKDFRPPXQLFDWLRQIUDPHZRUN
LVHTXDOO\VXLWDEOHIRUDQLQGLYLGXDOFRQWUROVWUDWHJ\ZKHUHYHKLFOHVDUHDFWLQJDVPRELOHDJHQWVDVZHOODV
WRDPRUHFHQWUDOL]HGDSSURDFKWDNLQJDGYDQWDJHRI5RDG6LGH8QLWV568%RWKDSSURDFKHVFRXOGKHOS
WRLQFUHDVHURDGQHWZRUNSHUIRUPDQFH$OWKRXJKYDULRXVDSSOLFDWLRQVDULVHZKHQFRQVLGHULQJFRRSHUDWLYH
V\VWHPV>@WKHIRFXVRIWKHSUHVHQWHGUHVHDUFKLVWRLQYHVWLJDWHKRZWKHVHWHFKQRORJLHVFDQFRQWULEXWHWR
FRQJHVWLRQPLWLJDWLRQDOWKRXJKZHDFNQRZOHGJHWKDWPRGHOLQJWKHFRQJHVWLRQLVRQO\RQHGLPHQVLRQRID
PXOWLFULWHULDQHWZRUNRSWLPL]DWLRQ
7KXV WKLV SDSHU DLPV WR WDFNOH WKH DSSHDUDQFH RI FRQJHVWLRQ SKHQRPHQRQ DQG KRZ FRRSHUDWLYH
V\VWHPVFDQOHDGWRHIILFLHQWFRQWURORIWKLVFULWLFDOWUDIILFVLWXDWLRQ6HFWLRQSUHVHQWVDQRYHUYLHZRQWKH
PRGHOLQJRIFRRSHUDWLYHV\VWHPV,QVHFWLRQZHSUHVHQWRXUPRGHOLQJDSSURDFKLQVSLUHGE\WKHZRUNRI
%DQGR >@ LQ D GLVWULEXWHG DSSURDFK ZKHUH WKH YHKLFOHV FRPPXQLFDWH ZLWK HDFK RWKHU:H LQWURGXFH
OLQHDU VWDELOLW\ DQDO\VHV WR EHWWHU FKDUDFWHUL]H WKH FRQJHVWLRQ DSSHDUDQFH 7KH VLPXODWLRQV FRQILUP WKH
WKHRUHWLFDO UHVXOWV WKURXJKDFRPSDULVRQRI WKH UHVSRQVH WRDSHUWXUEDWLRQ LQERWKFRRSHUDWLYHDQGQRQ
FRRSHUDWLYH FDVHV ,Q VHFWLRQ  WKH PDLQ FRQFHSW RI D FHQWUDOL]HG FRQWURO DSSURDFK LV SUHVHQWHG DQG
LOOXVWUDWHG,QVHFWLRQZHGUDZVRPHSHUVSHFWLYHVIRUWKHPRGHOLQJRIFRRSHUDWLYHV\VWHPVDQGFRPSDUH
GLVWULEXWHGDQGFHQWUDOL]HGDSSURDFKHV
0RGHOLQJFRRSHUDWLYHV\VWHPV
7KH LQWURGXFWLRQ RI YHKLFOH FRRSHUDWLRQ LQWR WUDIILFPRGHOV KDV VFDUFHO\ EHHQ WDFNOHG7RGHDOZLWK
VXFK FRPPXQLFDWLRQ V\VWHPV ERWK PLFURVFRSLF DQG PDFURVFRSLF DSSURDFKHV KDYH EHHQ FKRVHQ 7KH
OLWHUDWXUH UDLVHV WKH PLFURPDFUR LVVXH DV FRPPXQLFDWLRQ DSSHDUV DW D PLFUR OHYHO WKH PRGHOLQJ
SDUDGLJP VKRXOG IROORZ D PLFUR WRPDFUR ERWWRPXS DSSURDFK  ,Q >@ 1JRGX\ HW DO FRQVLGHU WKDW
XSVWUHDP HTXLSSHG YHKLFOHV UHFHLYH PHVVDJHV IURP GRZQVWUHDP HTXLSSHG YHKLFOHV DFFRUGLQJ WR D
G\QDPLF VPRRWK IXQFWLRQĭ[W7KH\SUHYLRXVO\GHULYHGDPXOWLFODVVJDVNLQHWLFPRGHO IURP WKHJDV
NLQHWLF WKHRU\ DQG DSSOLHG WKHPHWKRGRIPRPHQWV WRGHULYH WKHPDFURVFRSLF HTXDWLRQVRI FRRSHUDWLYH
WUDIILF IORZ $VVXPLQJ D OLQHDU UHODWLRQ EHWZHHQ WKH GHVLUHG YHORFLW\ DQG WKH LQIRUPDWLRQ YDOXH LW LV
VKRZQWKURXJKQXPHULFDOVLPXODWLRQVWKDWHTXLSSHGYHKLFOHVFDQKDYHDWUDIILFIORZVWDELOL]LQJHIIHFWDV
ZHOODVDMDPVXSSUHVVLRQHIIHFW*HHWDO>@H[WHQGWKHLUPLFURVFRSLFPRGHOLQWRDPDFURVFRSLFRQHE\
VLPSO\DVVXPLQJDUHODWLRQEHWZHHQKHDGZD\DQGORFDOGHQVLW\RQGHILQHGVLWHV$ORWRIZRUNKDVEHHQ
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GRQH E\ WKH &DOLIRUQLDQ 3$7+ DURXQG WKH$XWRPDWHG+LJKZD\V9HKLFOH 6\VWHPV $9+6 HIIRUW >@
ZKHUH D IXOO\ DXWRPDWHGKLJKZD\ZDV FRQWHPSODWHG ,Q WKLVZRUN WKH FRRSHUDWLRQEHWZHHQYHKLFOHV LV
PRGHOHG WKURXJK D GLVWULEXWHG DSSURDFK DW D PLFURVFRSLF OHYHO ZKHUH WKH PLFURVFRSLF EHKDYLRUV RI
YHKLFOHVDUHPRGHOHGZLWKFDU IROORZLQJDQG ODQHFKDQJLQJUXOHV$QHZFODVVRIFDU IROORZLQJPRGHOV
FDOOHGµRSWLPDOYHORFLW\PRGHOV¶ZDVLQWURGXFHGE\%DQGRHWDO>@LQZKLFKYHKLFOHVXSGDWHWKHLUVSHHG
GHSHQGLQJRQWKHLUSHUFHSWLRQRIWKHKHDGZD\,WGLIIHUVIURPWKHXVXDOIROORZWKHOHDGHUWKHRULHVZKHUH
YHKLFOHVXSGDWHWKHLUVSHHGLQIXQFWLRQRIWKHUHODWLYHYHORFLW\DQGWKHGULYHU
VUHVSRQVHWLPHODJ7KLVQHZ
FODVVSUHVHQWV QHZG\QDPLFSURSHUWLHV WKDWDUHDEOH WR UHSURGXFH WKH IHDWXUHVRI WUDIILF IORZYHU\ZHOO
VXFKDVLQVWDELOLWLHVZLWKLQFULWLFDOWUDIILFFRQGLWLRQV%DQGRHWDOLQYHVWLJDWHGWKHEHKDYLRURIWKHLUPRGHO
LQWHUPVRIWUDIILFVWDELOLW\DQGHYROXWLRQRIFRQJHVWLRQ$FULWLFDOUHYLHZRIWKLVQHZIRUPRIPRGHOZDV
SURSRVHGE\+HOELQJDQG7LOFK>@LQZKLFKWKH\GHULYHGWKHLUJHQHUDOL]HGIRUFHPRGHO1DJDWDQL>@DQG
*HHWDO >@VWXGLHG WKHH[WHQVLRQRIVXFKPRGHOV WRFRRSHUDWLYHRQHVZKHUHHDFKYHKLFOHXSGDWHG LWV
VSHHGRUDFFHOHUDWLRQDVDIXQFWLRQRIPXOWLSOHKHDGZD\VDKHDG7KH\VKRZHGWKDW WKLVFDQLPSURYHWKH
VWDELOLW\ GRPDLQ RI WUDIILF IORZ DV ZHOO DV VWDELOL]LQJ WKH HYROXWLRQ RI KHDGZD\ LQ WKH FRQGLWLRQ RI
GLVWXUEDQFH ,QGHHG LQFULWLFDOFRQGLWLRQV WKHEHKDYLRURI LQGLYLGXDOYHKLFOHV WULJJHUVWRSDQGJRZDYHV
GXH WR OLQHDU LQVWDELOLW\ 7R SHUIRUP WKH VKRFN ZDYH DQDO\VLV WKH PRGHO FRXOG EH GHULYHG LQWR WKH
.RUWHZHJGH9ULHVHTXDWLRQZKLFKJLYHVWKHDPSOLWXGHDQGWKHVSHHGRIWKHVKRFNZDYHHTXDWLRQ>@
UHOHYDQW IRU GHVFULELQJ WUDIILF FRQGLWLRQV7KRVH ILUVW ZRUNV RQ FRRSHUDWLYH V\VWHPV FDPH XSZLWK IHZ
LQVLJKWVRIZKDWFRXOGEHWKHUHDOSDUDPHWHUVRIWUDIILFPRGHOVLQDUHDOWUDIILFVLWXDWLRQ,QWKLVZRUNZH
ZRXOGOLNHDOVRWRLOOXVWUDWHWKHWKHRUHWLFDOUHVXOWVWKURXJKVLPXODWLRQVEDVHGRQDFODVVLFDOFRPPXQLFDWLRQ
VFKHPH
'LVWULEXWHGDSSURDFKIRUFRRSHUDWLYHPRGHOLQJDQGFRQWURO
,QWURGXFWLRQRIFRRSHUDWLRQLQWRDPLFURVFRSLFPRGHO
/HWXVVWDUWZLWKWKLVJHQHUDOIRUPRIDPLFURVFRSLFPRGHO

     Q Q Q[ W 9 [ : [W  '  '      

ZKHUH  Q9 [' LVWKHOHJDOYHORFLW\IXQFWLRQGHVFULELQJWKHVSHHGFKRVHQE\WKHYHKLFOHQDVDUHVSRQVH
WRKLVSHUFHSWLRQRIWKHKHDGZD\ Q[' IURQWWRIURQWVSDFLQJEHWZHHQYHKLFOHQDQGWKHOHDGLQJYHKLFOH
QDQG  Q: [' LVDFRQVHQVXVWHUPZKLFKUHSUHVHQWVKLVVHQVLWLYLW\WRWKHUHODWLYHYHORFLW\ Q[' ĲLV
D GULYHU¶V UHDFWLRQ WLPH ZKLFK FDQ DOVR EH VHHQ DV WKH LQYHUVH RI D UHOD[DWLRQ WHUP WRZDUGV WKH OHJDO
YHORFLW\ 7KH LQWURGXFWLRQ RI D VHQVLWLYLW\ WHUPPDNHV WKLVPRGHO VXLWDEOH IRU FRRSHUDWLYH V\VWHPV7R
VRPHH[WHQW WKLVPRGHOJHQHUDOL]HVWKHRSWLPDOYHORFLW\ZLWKUHODWLYHYHORFLW\PRGHO2959ZKLFKLV
DQLPSURYHPHQWRIWKHRSWLPDOYHORFLW\PRGHOE\1HZHOODQGE\%DQGRHWDO>@

3UHYLRXV VWXGLHV KDYH VKRZQ WKDW WKH LQWURGXFWLRQ RI D FRQVHQVXV WHUP  Q: [' FDQ KHOS WR EHWWHU
GHVFULEHWKHMDPWUDQVLWLRQHIIHFWRIWUDIILFIORZDVZHOODVRWKHUWUDIILFIHDWXUHV>@+RZHYHUVXFKD
PRGHOZRXOG KDYH WREH FDUHIXOO\ DQDO\]HG IRU FDOLEUDWLRQSXUSRVHV >@:KHQ FDOLEUDWLQJ WKHPRGHO
+HOELQJHWDOKLJKOLJKWHGVRPHLVVXHVLQWKHDFFHOHUDWLRQSDWWHUQVDQGFRQVHTXHQWO\SURSRVHGDQHZRQH
>@ KHQFH WKH LQWURGXFWLRQRI WKH FRQVHQVXV WHUPPLJKW KHOS WRSURYLGH VPRRWKHU WUDQVLWLRQVZKHQ WKH
UHODWLYHYHORFLW\LVYHU\KLJK

:LWKFRRSHUDWLYHV\VWHPVWKHYHKLFOHXSGDWHVLWVVSHHGDQGDFFHOHUDWLRQDFFRUGLQJWRWKHSHUFHSWLRQRI
PXOWLSOHYHKLFOHVDKHDG7KHJRDOLVWRSURYHKRZPRUHLQIRUPDWLRQFDQUHVXOWLQDEHWWHUVWULQJVWDELOLW\
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DQG LQFUHDVH WKH SURSDJDWLRQ VSHHG RI WKH SHUWXUEDWLRQ 7KLV SHUFHSWLRQ FDQ FRPH HLWKHU IURP DQ
LQWHOOLJHQWGULYHUZKRSHUFHLYHVWKHGRZQVWUHDPWUDIILFFRQVWDQWO\RUIURPWKHFRPPXQLFDWLRQWHFKQRORJ\
ZKLFKSURYLGHVWKHGULYHUZLWKLQIRUPDWLRQEH\RQGKLVVLJKWSHUFHSWLRQDQGFRXOGRYHUULGHWKHGULYHU¶V
EHKDYLRU +HUH ZH RQO\ FRQVLGHU FRPPXQLFDQW YHKLFOHV DEOH WR VHQVH DOO WKH LQIRUPDWLRQ LQ D
FRPPXQLFDWLRQQHLJKERUKRRG:HGHILQHFRRSHUDWLYHLHFRPPXQLFDQWYHKLFOHVDVWKRVHYHKLFOHVDEOH
WRFRPPXQLFDWHZLWKDOOWKHQHLJKERULQJFRPPXQLFDQWDJHQWVZLWKLQDJLYHQLQWHUDFWLRQUDQJHLQWHUPV
RI&& FDU WR FDU FRPPXQLFDWLRQ WKLV UHIHUV WR VLQJOHKRSEURDGFDVW7KH FRPPXQLFDWLRQ VFKHPH LV
GLVWULEXWHG DQG FDQEH VXEMHFW WR D GLVWULEXWHG FRQWURO ,QGHHG DOO WKHYHKLFOHV XSGDWH WKHLU VSHHGDV D
IXQFWLRQRIWKHKHDGZD\DQGUHODWLYHVSHHGJLYHQE\WKHFRPPXQLFDQWYHKLFOHVZLWKLQWKHLUQHLJKERUKRRG
,Q RUGHU WRPRGHO D FRRSHUDWLYH VLWXDWLRQ D WUDIILFPRGHOPXVW WDNH LQWR DFFRXQW LQIRUPDWLRQ IURP
PXOWLSOH YHKLFOHV )RU WKLV SXUSRVH OHW U EH WKH LQWHUDFWLRQ UDQJH EHWZHHQ YHKLFOHV VR WKDW VSDWLDO
QHLJKERUVRIDYHKLFOHDUHGHILQHGWKDWZD\
 ^ `M M L1 M 0 [ [ U   d     

ZKHUH  LV WKH(XFOLGLDQ QRUP LQ   L[ WKH SRVLWLRQ RI YHKLFOH L DQG 0 WKH QXPEHU RI YHKLFOHV
FRQVLGHUHG:HDUHKHUHE\GHILQLQJDSUR[LPLW\QHWZKLFKLVWKHWRSRORJ\RIDZLUHOHVVVHQVRUQHWZRUN
ZLWKDUDGLRUDQJHU1RWHWKDWWKLVLVD'SUR[LPLW\QHWDQGWKDWZLWKODQHVWKLVWRSRORJ\GLIIHUVIURP
WKHSUR[LPLW\QHWGHILQLWLRQ7KLVUDGLRLQWHUDFWLRQUDQJHLVW\SLFDOO\RIWKHRUGHURIPHWHUVIRU'65&
,Q FDVH RI D && FRPPXQLFDWLRQ ZLWK VLQJOH KRS EURDGFDVW YHKLFOHV DUH DEOH WR FRPPXQLFDWH DQG
H[FKDQJH LQIRUPDWLRQ ZLWKLQ WKLV LQWHUDFWLRQ UDQJH 7KHUHIRUH XQGHU FRRSHUDWLRQ D ZLGH FODVV RI FDU
IROORZLQJPRGHOVFDQEHUHZULWWHQDV

         Q Q Q Q Q P Q Q Q P[ I [ [ [ [ [ [ [    ' ' ' ' ' '      

ZKHUH  QP 1  LVWKHQXPEHURIYHKLFOHVZLWKLQWKHFRPPXQLFDWLRQUDQJHRIYHKLFOHQ
$VVXPLQJWKHJHQHUDOIRUPRILHDOLQHDUFRPELQDWLRQRIDQRSWLPDOYHORFLW\WHUPDQGDFRQVHQVXV
WHUPWKLVFDQEHUHZULWWHQXQGHUWKHIROORZLQJIRUP

       P PQ LQ Q L Q LL L[ W 9 D [ : [W      '  '¦ ¦   
ZKHUH  LQ L PD d d LVDSUR[LPLW\FRHIILFLHQWVXSSRVHGWRGHILQHWKHLQWHQVLW\RIWKHLQWHUDFWLRQEHWZHHQD
YHKLFOHQDQGWKHGRZQVWUHDPYHKLFOHVQXPEHUVWRPZLWKLQLWVLQWHUDFWLRQUDQJH
/LQHDUVWDELOLW\DQDO\VLVIRUERWKQRQFRRSHUDWLYHDQGFRRSHUDWLYHIRUPV
,QRUGHUWRLGHQWLI\WKHVWDELOLW\SDWWHUQVRIWKHPRGHODOLQHDUVWDELOLW\DQDO\VLVLVSHUIRUPHG7KHJRDO
LVWRGHILQHVRPHVWDELOLW\FRQGLWLRQVIRUERWKFRRSHUDWLYHDQGQRQFRRSHUDWLYHYDULDQWVDQGWKHQWRYHULI\
WKHVH SURSHUWLHV WKURXJK QXPHULFDO H[SHULPHQWV )RU WKH VDNH RI VLPSOLFLW\ WKH VWDELOLW\ DQDO\VLV LV
GHWDLOHGIRUWKHQRQFRRSHUDWLYHIRUPILUVW+HQFHZHLQWURGXFHDSHUWXUEDWLRQWRWKHVWHDG\VWDWHWUDIILF
IORZ
     Q Q Q[ W [ W \ W      

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:KHUH  Q\ W LVWKHSHUWXUEDWLRQZKLFKGHYLDWLRQFDQEHZULWWHQXQGHUFRPSOH[IRUP 
  LNQ ]WQ\ W < H '  JLYHQWKDWWKHVWHDG\VWDWHSRVLWLRQ   Q[ W HYROYHVDV

    Q HT HT[ W [ Q 9 [ W '   '      

HT[' EHLQJWKHVWHDG\VWDWHKHDGZD\%\H[SDQGLQJZLWKD7D\ORUGHYHORSPHQWDQGXVLQJZHJHW

            Q Q Q Q Q Q[ W [ W 9 [ 9 [ : [ : [W  '  '  '  '  '  '      


1RWHWKDWWKHGHJUHHRIOLQHDUL]DWLRQFKRVHQLQWKLVH[SDQVLRQLVRIJUHDWLPSRUWDQFHDVLWFKDQJHVWKH
PRGHOLWVHOIVRWKDWWKHVWDELOLW\DQGQRQVWDELOLW\]RQHGLIIHUVPDUNHGO\DFWXDOO\IURPDIDFWRU:H
REWDLQ
     
     Q Q HT Q Q Q Q\ W \ W 9 [ \ \ \ \W K '  '  '  '  '   '  '      

ZKHUH 
:K   7KH SDUDPHWHU Ș UHSUHVHQWV D VHQVLWLYLW\ IDFWRU WR WKH UHODWLYH YHORFLW\ ZLWK WKH
SUHYLRXVYHKLFOH,QH[SRQHQWLDOIRUPZHKDYH

     
  X HT] ] H 9 [ ]KW W   '      

:LWKX LN WKHQE\H[SDQGLQJWKHVHFRQGRUGHU7D\ORUVHULHVRIZHJHW

 
       ] ] LN ] LN R LN       
DQG
 
 HT] 9 [ '      


   
  HT HT] 9 [ 9 [K W '    '    

7KHXQVWDEOHFRQGLWLRQVDUHREWDLQHGZKHQ  ] d ZKLFKJLYHV

VW Wt 
ZLWK
  
  V HT9 [
W K '      

+HQFHWKHVWDELOLW\FRQGLWLRQLV
 
    
 HT V9 [ 9 [KW' d   '     

:KHUH V[' LV WKH VWHDG\ VWDWH ZKLFK GHFLGHV ZKHWKHU WUDIILF HYROYHV LQ WKH VWDELOLW\ GRPDLQ RU QRW
7KHUHIRUH WKHVWDELOLW\GRPDLQZLOOGHSHQGRQWKHFKRLFHRIWKH9IXQFWLRQDQGWKHSDUDPHWHUVȘDQGĲ
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5HJDUGLQJ WKH9 IXQFWLRQ WKH IXQFWLRQ WDQK LV FRPPRQO\ FKRVHQ LQ WKH OLWHUDWXUH IRU YDULRXV UHDVRQV
$FWXDOO\WKHRQO\IHDWXUHVQHHGHGDUHWKHLQIOH[LRQSRLQWDQGWKHERXQGDULHV:LWKVXFKDIXQFWLRQRQH
FDQHDVLO\XQGHUVWDQGWKHVWDELOLW\FRQGLWLRQIRUVPDOO [' WKHPRGHOLVOLQHDUO\VWDEOHXQWLOZHUHDFK
DQLQVWDELOLW\UHJLRQGHOLPLWDWLQJE\(TIRUZKLFKWKHPRGHOLV OLQHDUO\XQVWDEOH:KHQ [' LVKLJK
HQRXJKDVWDEOHUHJLRQLVUHDFKHGZKHUHGULYHUVDGRSWWKHOHJDOYHORFLW\VSHHG9,QWKLVVWDELOLW\UHJLRQ
WKHUH DUH QR LQWHUDFWLRQV VR WKDW WKH GULYHUV DUH XQFRQVWUDLQHG DQG FDQ DGRSW WKH IUHHIORZ VSHHG ,W LV
LPSRUWDQWWRQRWHWKDWWKHSDUDPHWHUVȘDQGĲUHSUHVHQWLQJWKHSHUFHSWLRQRIWKHUHODWLYHYHORFLW\DQGWKH
UHDFWLRQWLPHFDQEHPRGLILHGLQRUGHUWRFRQWUROWKHZLGWKRIWKHVWDELOLW\UHJLRQ

)RU WKH FRRSHUDWLYH FDVH WKH FRQGLWLRQV IRU OLQHDU VWDELOLW\ VWULQJ VWDELOLW\ DUH REWDLQHG IROORZLQJ WKH
VDPHPHWKRG7KHHTXDWLRQXQGHUFRRSHUDWLYHFRQGLWLRQVLVZULWWHQ      P PQ LQ Q L Q LL L[ W 9 D [ : [W      '  '¦ ¦  

ZKLFKJLYHVWKHSHUWXUEDWLRQHTXDWLRQ
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&RRSHUDWLYHOLPLW
1RQFRRSHUDWLYHOLPLW
,Q WKH FDVH RI D QRQ FRRSHUDWLYH WUDIILF DOO WKH SUR[LPLW\ FRHIILFLHQWV DUH ]HUR H[FHSW DQ  DQG
WKHUHIRUHZHREWDLQWKHSUHYLRXVVWDELOLW\FRQGLWLRQ$FFRUGLQJWRWKHFRRSHUDWLYHVWDELOLW\FRQGLWLRQ
ZHFDQVHHWKDWIRUDJLYHQVHWRISDUDPHWHUVȘDQGĲDGGLQJFRRSHUDWLRQUHGXFHVWKHZLGWKRIWKH
XQVWDEOH UHJLRQ 7KH DGYDQWDJHV RI FRRSHUDWLRQ EHWZHHQ YHKLFOHV DUH IRUPDOO\ GHPRQVWUDWHG ZLWK WKH
VWDELOLW\DQDO\VLV7KHVHWKHRUHWLFDOUHVXOWVVKRXOGQRZEHFRQILUPHGWKURXJKQXPHULFDOVLPXODWLRQV
6LPXODWLRQUHVSRQVHWRDSHUWXUEDWLRQ
7KLVVLPXODWLRQDLPVWRVKRZKRZFRRSHUDWLYHV\VWHPVFDQFRQWULEXWHLQVWDELOL]LQJWKHWUDIILFIORZRU
PLWLJDWLQJFRQJHVWLRQSKHQRPHQD7KHPRGHOSUHVHQWHGLQWKLVVHFWLRQKDVEHHQLPSOHPHQWHGLQ0DWODE
RQDVLQJOHODQHVHFWLRQZLWKRSHQERXQGDULHVFRQGLWLRQV7KHJRDOLVWRGHPRQVWUDWHKRZWKHPRGHO
UHVSRQGVWRDSHUWXUEDWLRQLQERWKFRRSHUDWLYHDQG
QRQFRRSHUDWLYHIRUPV,QWKHVLPXODWLRQDYHKLFOH
EUDNHVGRZQVWUHDPDWDWLPHWDQGWKHSURSDJDWLRQ
GHYHORSVXSVWUHDPILJXUHOHIW














)LJD6LPXODWLRQGHVFULSWLRQE2SWLPDOYHORFLW\IXQFWLRQ9DQGVWDELOLW\UHJLRQV

7KH YHKLFOH VWUHDP FRQVLVWV RI HTXLSSHG FRRSHUDWLYH DQG QRQHTXLSSHG QRQFRRSHUDWLYH YHKLFOHV
ZKLFKDGKHUHWRFDUIROORZLQJUXOHVDQGUHVSHFWLYHO\$FFRUGLQJWRWKHOLQHDUVWDELOLW\UHVXOWVLWLV
H[SHFWHGWKDWWKHWZRPRGHOVZLOOQRWKDYHWKHVDPHVWDELOLW\IHDWXUHVIRUVRPHUHJLPHV)LJXUHVKRZV
WKH VKDSH RI WKH 9 IXQFWLRQ ZKHQ 9 KDV D WDQK IRUP ,Q WKLV FDVH WKH GHULYDWLYH KDV WKH VKDSH RI D
K\SHUEROLF VHFDQW IXQFWLRQ)LJXUH VKRZV WKDW WKHGRPDLQ LV GLYLGHG LQWRXQVWDEOH DQG VWDEOH UHJLRQV
EDVHGRQVWDELOLW\FRQGLWLRQV DQG 6LQFH WKH VWDELOLW\ UHJLRQ LVELJJHU LQ WKHFRRSHUDWLYHFDVH
VRPHUHJLPHVDUHXQVWDEOHLQWKHQRQFRRSHUDWLYHFDVHDQGVWDEOHLQWKHFRRSHUDWLYHFDVH5HJDUGLQJWKH
SDUDPHWHUVRIWKHPRGHOIXQFWLRQ9LVDVVXPHGWRKDYHWKHIROORZLQJIRUPDFFRUGLQJWR>@

  PD[ WDQK WDQK QQ
9 [ KFKF9 [ V V
§ '  ·§ ·§ ·'  ¨ ¸¨ ¸¨ ¸© ¹ © ¹© ¹     

ZKHUHKFLVDVDIHKHDGZD\ODWHUFKRVHQDVPKHDGZD\IURPZKLFKDYHKLFOHVWDUWVGHFUHDVLQJWKHLU
VSHHG9PD[WKHIUHHIORZVSHHGPVDQGVDVPRRWKLQJFRHIILFLHQWP5HJDUGLQJWKHFRRSHUDWLYH
WĞƌƚƵƌďĂƚŝŽŶ
ĂƚƚŝŵĞƚ
ƋƵŝƉƉĞĚǀĞŚŝĐůĞƐ
EŽŶĞƋƵŝƉƉĞĚǀĞŚŝĐůĞƐ
WƌŽƉĂŐĂƚŝŽŶƵƉƐƚƌĞĂŵ
/ŶƚĞƌĂĐƚŝŽŶƌĂŶŐĞƌ
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PRGHO WKHSDUDPHWHUVDMQUHSUHVHQWWKHLQWHUDFWLRQVZLWKWKHYHKLFOHVGRZQVWUHDPZLWKLQWK
UDQJHU+HQFHZHFKRVHDGHFUHDVLQJIXQFWLRQVRWKDW

  FRV
M Q
MQ Q
[ [D LI M 1US
§ ·§  ·§ ·    ¨ ¸¨ ¸¨ ¸¨ ¸© ¹© ¹© ¹
   
MQD HOVH        


)LJ1RQFRRSHUDWLYHFDVHUHVSRQVHWRDSHUWXUEDWLRQDVWDEOHUHJLRQDQGEXQVWDEOHUHJLRQ

7KHVLPXODWLRQFRQVLVWHGRILQWURGXFLQJDSHUWXUEDWLRQEUDNLQJYHKLFOHDWWLPHW IRU
IORZRIYHKKU)LUVWZLWK WKHSDUDPHWHUVU PDQG Ĳ VZHFDQDGMXVW WKHQRQ
PRGHOLQRUGHUWRUHPDLQUHVSHFWLYHO\LQWKHVWDEOHDQGXQVWDEOHUHJLRQV)LJXUHLOOXVWUDWHVW
ERWKFDVHV,QWKHVWDEOHFDVHWKHSHUWXUEDWLRQGRHVQRWLQFUHDVHZLWKWLPHDQGWKHSODWRRQVUH
ZKHUHDV WKH XQVWDEOH FDVH H[KLELWV DQ LQFUHDVH LQ WKH VKRFN ZDYH DPSOLWXGH RYHU WLPH 1
RVFLOODWLRQDURXQGWKHIUHHIORZVSHHGYDOXHLVGXHWRDKLJKUDWLRȘĲDVIRUDORZHUUDWLRWK
ZRXOGKDSSHQDURXQG9PD[

2WKHUVLQWHUHVWLQJUHVXOWVFDPHRXWIURPWKHVLPXODWLRQV$VPDOOPRGLILFDWLRQRISDUDPHWHU
WKUHVKROGSXWWKHFRRSHUDWLYHDQGQRQFRRSHUDWLYHPRGHOVLQWRWZRGLIIHUHQWVWDELOLW\GRP
WKH FRRSHUDWLYH IRUP LV VWDEOH WKHQRQFRRSHUDWLYHRQH WULJJHUV LQVWDELOLWLHV7KRVHREVHUYD
ZLWK WKH UHVXOWV RI WKH OLQHDU VWDELOLW\ DQDO\VLV ,Q DGGLWLRQ WKHSHQHWUDWLRQ UDWH RI FRRSHUDW
FRXOGKDYHDQLPSDFWRQWKHVWDELOLW\GRPDLQ)RUWKHVDPHLQLWLDOFRQGLWLRQVDQGVHWRISDUD
VKRZQWKDWDURXQGRIHTXLSSHGYHKLFOHVDUHUHTXLUHGWRHQWHULQWRWKHVWDELOLW\GRPDLQ
      
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SUHFLVH WKDW QR FDOLEUDWLRQZDVPDGH EDVHG RQ H[SHULPHQWDO GDWD EXW WKLV ZDV GRQH LQ D IRUWKFRPLQJ
SDSHU>@
&HQWUDOL]HGDSSURDFKSULQFLSOHDQGH[DPSOH
,QWKLVVHFWLRQZHSURSRVHWRVHWWKHEDVLVRIDFHQWUDOL]HGFRQWURODSSURDFK7KHREMHFWLYHLVWRGHVLJQ
D FRRSHUDWLYH FRQWURO IUDPHZRUN ZKHUH YHKLFOHV FDQ WDNH DGYDQWDJH RI D FHQWUDOL]HG GHFLVLRQPDNLQJ
SURFHVVDLPLQJDWRSWLPL]LQJDVDWLVIDFWLRQRULHQWHGFULWHULDHJWUDYHOWLPHKHDGZD\IORZVWDELOLW\,Q
WKLVSDUDGLJPIXOOFRPSOLDQFHRIWKHGULYHUVLVLQLWLDOO\DVVXPHGDQGZHFRQVLGHUURDGVHFWLRQVZKHUHDOO
YHKLFOHV DUH DEOH WR FRPPXQLFDWHZLWK D WUDIILF
PDQDJHPHQW FHQWHU RU VRPH LQIUDVWUXFWXUH VXFK DV D
5RDG6LGH8QLW 568 VHH ILJXUH D8VLQJDFHQWUDOL]HGFRQWURO IUDPHZRUN WR UHJXODWH WKH WUDIILF
IORZ FDQ KHOS WR VPRRWKO\ LQFUHDVH WKH WUDIILF GHQVLW\ ZKHQ UHTXLUHG DQG HYHQWXDOO\ LPSURYH URDG
FDSDFLW\



)LJD&HQWUDOL]HGIUDPHZRUNZLWKWUDIILFPDQDJHPHQWFHQWHUYVE'LVWULEXWHGIUDPHZRUNZLWK568

)RULQVWDQFHRQHFDQORRNIRURSWLPL]LQJWKHWLPHKHDGZD\EHWZHHQYHKLFOHVLQRUGHUWRRSWLPL]H
WUDIILFIORZXQGHUVSHFLILFVDIHW\FRQVWUDLQWV,WLVWKHQSRVVLEOHWRIRUPXODWHWKHSUREOHPDVDQ
RSWLPL]DWLRQPRGHO0RUHSUHFLVHO\RQHFDQGHILQHDFRQIOLFWDVDKHDGZD\EUHDNGRZQRIWZRRUPRUH
YHKLFOHV7KHWUDIILFIORZVKRXOGWKHQEHPRQLWRUHGLQRUGHUWRDQWLFLSDWHSRWHQWLDOFRQIOLFWVDQGWDNHWKH
UHTXLUHGGHFLVLRQV'HILQLQJWKHVHSDUDWLRQQRUPVWREHUHVSHFWHGFRXOGEHDFKLHYHGE\IRFXVLQJRQWKH
WUDIILFVWDELOLW\FRQGLWLRQVHT3RWHQWLDOFRQIOLFWVEHWZHHQYHKLFOHVFDQEHSUHGLFWHGDFFRUGLQJWR
GLIIHUHQWFULWHULD)RULQVWDQFHLQDFRQVHUYDWLYHDSSURDFKSUHGLFWLRQVEDVHGRQZRUVWFDVHVFHQDULRVDUH
XVHGWRHVWLPDWHYHKLFOHVIXWXUHSRVLWLRQVDQGGHWHFWSRWHQWLDOFRQIOLFWV2QFHDVXIILFLHQWO\DFFXUDWH
SUHGLFWLRQKDVEHHQHVWDEOLVKHGGHFLVLRQVRQYHKLFOHG\QDPLFVDUHWREHWDNHQLQRUGHUWRPLQLPL]HWKH
TXDQWLW\RIJOREDOSRWHQWLDOFRQIOLFWV$EDVLFH[DPSOHRIDFHQWUDOL]HGDSSURDFKZDVSURSRVHGLQ>@
7KLVDSSOLFDWLRQFRQVLVWHGRIG\QDPLFVSHHGDGYLFHZKHUHDFHQWHUVHQGVWDUJHWHGLQVWUXFWLRQVWRHTXLSSHG
YHKLFOHV5HVXOWVVKRZHGWKDWFRQJHVWLRQSKHQRPHQDZHUHLQGHHGSRVWSRQHGUHGXFLQJWKHWUDYHOWLPHDW
WKHEHJLQQLQJRIWKHLQFLGHQW7KLVVLPXODWLRQDOVRVKRZHGWKDWWKHUHVXOWVGHSHQGRQWKHSHQHWUDWLRQUDWH
RIHTXLSSHGYHKLFOHV
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2QJRLQJZRUNDQGSHUVSHFWLYHV
,Q WKLV SDSHUZH KDYH FRQVLGHUHG WKH LQWURGXFWLRQ RI FRRSHUDWLYH V\VWHPV LQWR WUDIILFPRGHOLQJ DQG
FRQWURO7KHPDLQFRQWULEXWLRQRIWKLVZRUNLVWRSURSRVHDPRGLILFDWLRQRIDZHOONQRZQJHQHUDOIRUPRI
PLFURVFRSLFPRGHO LQ RUGHU WR LQWHJUDWH WKH FRRSHUDWLRQ EHWZHHQ YHKLFOHV DQG WKH LQWHUDFWLRQ EHWZHHQ
FRRSHUDWLYH DQG QRQFRRSHUDWLYH YHKLFOHV 7KH OLQHDU VWDELOLW\ DQDO\VLV VKRZV WKDW D FRRSHUDWLYH
PLFURVFRSLFPRGHOZLOOEHOLQHDUO\PRUHVWDEOHWKDQDQRQFRRSHUDWLYHRQH7KLVIHDWXUHKDVEHHQYHULILHG
WKURXJKVLPXODWLRQVDQGFRQILUPVWKDWFRRSHUDWLYHV\VWHPVKDYHWKHSRWHQWLDOWRVWDELOL]HWKHWUDIILFIORZ
$ IXUWKHUVWHSFRQVLVWV LQGHHSHQLQJ WKH WKHRUHWLFDODQDO\VLV WREHWWHUXQGHUVWDQG WKHHYROXWLRQRIVKRFN
ZDYHV ZLWKLQ WKH WUDIILF IORZ ZKHQ D SHUWXUEDWLRQ LV LQWURGXFHG 7R WKLV HQG QRQOLQHDU DQDO\VLV IRU
H[DPSOH E\ GHULYLQJ WKH .RUWHZHJGHYULHV HTXDWLRQV VKRXOG EH SHUIRUPHG 6XFK HTXDWLRQV FDQ
SRWHQWLDOO\ VKHG OLJKW RQ YHKLFOHV VSHHGVEHKDYLRU DVZHOO DV RQ WKH DPSOLWXGHVRI VKRFNZDYHV KHQFH
SURYLGLQJ XVHIXO LQIRUPDWLRQ IRU WKH XQGHUVWDQGLQJ RI WKH FRQJHVWLRQ SKHQRPHQD 6WDELOLW\ DQDO\VLV LV
FXUUHQWO\ LQ WKH VSRWOLJKW RI PXFK RQJRLQJ UHVHDUFK > @ DQG LW LV FOHDUO\ D UHOHYDQW WKHRUHWLFDO
IUDPHZRUNIRUDVVHVVLQJWKHEHQHILWVRIFRRSHUDWLYHV\VWHPVLQWHUPVRIWUDIILFIORZVWDELOL]DWLRQ

7KLV SDSHU DOVR KLJKOLJKWV GLIIHUHQFHV EHWZHHQ GLVWULEXWHG DQG FHQWUDOL]HG DSSURDFKHV $ GLVWULEXWHG
DSSURDFK KDV EHHQ GHYHORSHG WKURXJK WKH LQWURGXFWLRQ RI FRRSHUDWLRQ DW D PLFURVFRSLF OHYHO ZKHUH
YHKLFOHVDUHDEOHWRFRPPXQLFDWHZLWKHDFKRWKHUDQGWRDGDSWWKHLUVSHHGDQGKHDGZD\DFFRUGLQJWRWKHLU
QHLJKERUKRRG ,Q WKDW FRQWH[W WKH GLVWULEXWHG FRQWURO FRPHV IURP WKH DJHQWV WKHPVHOYHV ZKHUHDV LQ D
FHQWUDOL]HGDSSURDFKRQO\RQHGHFLVLRQPDNHULVLQYROYHG,Q>@DQH[DPSOHRIDFHQWUDOL]HGDSSURDFK
KDVEHHQSURSRVHGZKHUHDWUDIILFPDQDJHPHQWFHQWHUVHQGVWDUJHWHGLQIRUPDWLRQWRHTXLSSHGYHKLFOHV,Q
ERWKDSSURDFKHVWKHSHQHWUDWLRQUDWHLVRISDUDPRXQWLPSRUWDQFHDQGIXWXUHUHVHDUFKZLOOGHDOZLWKWKH
PRGHOLQJ RI WKH URDG VKDULQJ EHWZHHQ HTXLSSHG DQG QRQHTXLSSHG YHKLFOHV $ SURPLVLQJ FRQWURO
IUDPHZRUN LV RQH FRPELQLQJ WKHVH WZR OHYHOV RI FRQWURO ,QGHHG LQIUDVWUXFWXUH FDQ SRWHQWLDOO\ EH
HTXLSSHGZLWK5RDG 6LGH8QLWV 568 WKDW FRQWURO VSHFLILF VHFWLRQV DQG VHQG LQIRUPDWLRQ DQG FRQWURO
PHDVXUHV WR WKH YHKLFOHV LQ WKHLU VHFWLRQV ,Q WKLV FDVH D VHPLFHQWUDOL]HG FRQWURO DSSURDFK VKRXOG EH
LQYHVWLJDWHGDQG WKH WUDQVLWLRQVEHWZHHQ WKHGLIIHUHQWFHOOV URDGVHFWLRQVPXVWEHPRGHOHGDFFXUDWHO\
7KLVIXWXUHUHVHDUFKFRXOGSDYHWKHZD\IRULQWURGXFLQJDQLQQRYDWLYHIUDPHZRUNWRPRGHODFRRSHUDWLYH
QHWZRUN7RFRSHZLWKWKHFRPSOH[LW\RIDVHPLFHQWUDOL]HGFRRSHUDWLYHQHWZRUNQHZPHWKRGVKDYHWREH
GHYHORSHGWRGHVFULEHWKHGLIIHUHQWLQWHUDFWLRQVRIDYHKLFOHZLWKLWVQHLJKERUKRRG&XUUHQWZRUNIRFXVHV
RQ WKHDSSOLFDWLRQRI IORFNLQJDOJRULWKPV7KHVHPHWKRGVDUHEDVHGRQ WKHEHKDYLRURI IORFNVDQGKDYH
DOUHDG\VKRZQSURPLVLQJUHVXOWV WRJOREDOO\RSWLPL]HD V\VWHPFRQVLVWLQJRIPXOWLSOH LQWHUDFWLYHDJHQWV
>@ 7KH PRGHOLQJ RI WKH FRRSHUDWLYH DJHQWV DW D VHFWLRQ OHYHO PD\ HQDEOH XV WR KLJKOLJKW VRPH
HPHUJHQWSURSHUWLHVDWDPDFURVFRSLFOHYHO>@+HUHWKHFKDOOHQJHLVWRHQVXUHDWKHRUHWLFDOFRQVLVWHQF\
EHWZHHQ WKH GLIIHUHQW VFDOHV PLFUR PHVR DQG PDFURVFRSLF PRGHOV ,Q DGGLWLRQ WHFKQRORJLFDO
FRQVWUDLQWVVKRXOGQRWEHLJQRUHGDQGODWHQF\WLPHKDVWREHFRQVLGHUHGDVDFRQVHTXHQFHRISURSDJDWLQJ
VXFKLQIRUPDWLRQHYHQWKRXJKLWLVRIWKHRUGHURIRQHVHFRQG)LQDOO\LWLVFOHDUWKDWFRRSHUDWLYHV\VWHPV
FUHDWHQHZFKDOOHQJHVIRUUHVHDUFKHUVDQGWUDIILFPDQDJHUV:KLOHSRWHQWLDOEHQHILWVRIVXFKV\VWHPVDUH
ZHOO HVWDEOLVKHG WKH GLYHUVLW\ RI WKH LQKHUHQW LQWHUDFWLRQV LPSOLHV D QHHG WR UHYLVLW H[LVWLQJ WUDIILF
PRGHOLQJWHFKQLTXHVDQGWRUHFRQVLGHUH[LVWLQJPHWKRGRORJLHV
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